TEY REIGRITION F AR ARC AT Lu¥ PREALORES

Teesls DY

Jumes L1llon Cobins

Bels University of #lsconsin

Hefe Californie Institute of Technology

In Partial Puifillment of the Requirements for the

Degres of

wetor of Philosophy

Californis Institute of Technulogy

Pasedens, Celifornla

1934



CONTIRETS

Jection Feage

SUMMBPY ¢ o o 2 4 + » 2 ¢ % + v o 5 v & 1
Introduction « + o« o o & o » 2 ¢ o o o

Apparatus and Ixperimentsl Froceedure . 8
perimental Results + o v ¢ ¢« » ¢ + o« 18
Disouseion of Results « o o » o o o » o 31
Coneluslons o » o « 2 + o o & ¢« o o » » 40
Acknowledgment o« o ¢ o o o 2 # + s o « 41
BID1IoEPAPRY + o o ¢ 2 ¢ ¢ o 2 o o+ » 4B
FLEUPEE v o « o o o o ¢ 4 o 5 s o & » 81
TBLI@B v v o o ¢ o o 2 o 2 0 o 2 0 o o T8

APpSndlX « o ¢ s 2 4 s s & 2 s 6 v 0 s T4



IENEX OF PIOURES

Flgure %o. unjeet Page

1. Laboratory, 404 Kellogg Radistion

Laborstory « o ¢ & o » 4 o o 0 w4 51
b4 Flectrods Hountinge « « « v s ¢ ¢ » o » 51
& Frperimental Circult .+ o ¢ ¢ ¢ « o o « 58
& gssoillogrsm of Are Satween Pure Graphlte

Fleotrodes dn ALr ¢ « o ¢ o & o « B2
b cselllopgrem of Arc Betwsen Pure OGraphits

Bleetrodes In AP o+ + o ¢« ¢ ¢« o o 03
6 ¢ecillogram Showing &ffect of Current

on Copper-larbon Are in &4r . . . 53
7 Ao Relgnition Potentials for Pure

Graphite in ALr (Ve z B2CO) . . . 54
8 Are Relgnition Potentials for Pure

Graphite in Adr (Ve » 2800) . . . B4
9 Are Relgniti-n Potentisls for Pure

Grephite in Alr (Ve = 3300) . . o« BB
10 Hate of Change of Reignition Potential

with Pressure for Uprsaphite in Alr .

68 a Function of Are Cuprent « « o BB
11 Are Relgnition Potentials for Pure

Graphite in Alr (Vo 2 3300) . . . 56



Filgure Ho. Subjeet Page

18

13

14

16

a7

18

19

20

Comparison Curves of Ape Helgnition
Potentiale for Pure Uraphite
in A5 & o ¢ o o ¢ 2 0 6 s s s 0 e« B
Are Relgnition Potentials fur Pure
Upaphite in Hitrogen (Ve 2 8800) . .87
Rate of Change of Belgnition Potential
sith Pressure for Graphite in
Hitrogen &8s & Funetion of Cuprrent. 67
Are Relgnitiou Potentisls for Pure
Uraphite in Hitrogem (V, » 3300) . 58
Are Reignition Potentisls for Fupe
Oprephite in Hitrogen (V? o 3300) « &8
Are Relgnition Yotentials for Pure
Graphite in Oxygen (Vy @ B200) . « 56
Are Reignition rotentials for Pure
Upaphite in Cxyren {v? = B800) . « 68
Arc Heignition Fotentisls for Pure
Grephite in Carbon Dioxlde
(Vo 2 2B00) o o « o s s o see o o 60
Are Reignition Potentisls for Pure

Graphite in Carbon Dioxide

(‘ﬂr:ﬂﬁ{}(}} R EEEENEEEEEE:



Plgure o, wbiect

81

82

85

24

26

80

87

48

A%

Are Reignition Fotentimls for Pure
Gpaphite in Garbon Dioxide
(¥ 2 BB00) w0 0 0 ¢ s 4 s o
Aro Felignition iotentiels for Pure
Grapblte in Carbon Dicxnide
(Vo 2 B300)  + 4 v o o s a5 s »
Comparison ourves of ipe felgniticon
Potentials for Pure Crephite
In Cerbon Dicxide o o o o o » o o
Comparison Curves of Arc Relgniticn
Potentiala for Pure Urephite .+ .
Comparison Cuvrves of Are Helgniticn
Potentiala for Pure Uraphite o o
Ape Reignitlion Potentiale for Coppep~
Caprbon Slectrodes 1n Alr (Cu ~ )
Ar¢ Relgnition Zotentisls for Coppepe
Carbon £lestrodes in Alr (Cu =)
Arc Relgnition ?mtén%ials for Coppale
Carbon Flectrodes in Alr (¢ =)
Are Helgnition Potentials for Coppepw
Carbon Fleotrodes in Alr (¢ =)
Comparison Curves of Are Felgnition
Fotentials for Cz;ppwwffarbcn

Electrodes in Alr ¢ s o B e ¥ w

Page

61

61

68

&2

63

63

64

64

65

68



Figure Ho. bubjent Page

'“1
3
&

58

4

v
e

306

57

5&

39

40

41

Aprc Feignition fotentisls for Copper
Flectrodes in siy s v % 8 ® & & 66
Are Relgnition Potentiels for Aluminum

Fleotrodos in 2ir e ™ 68

CAre Reignition Potentisls for Cadmium

Electrodes In 24P + ¢« 4 s o & » &7
Are Relgnition Potentials fr Jervon-
Zteel Tlectrodes in Adr s s e 67
Gomparipon Curvep of 4pe Relgnition
Potentials in Alr “ 6 % % v % s 68
“EZeot of Impurities on Are Felpgnition
Potentials in alr * v e s & & & 68
Effest of Heat Conduotivity of Flectrodes
on Are Heipgnition Fotentisls in
Alry N I I T A 6@
tffect of Frsssure and Current on the
Appesgrance of €08 iPC « 4 4 e % 70
freot of Initisl Rate of Rise of Toltage
on Are ﬁaigniiimn fotentials in
filtrogen with Graphite Eleetrodes &9
iffeet of Initial Pate of Alse of Voltege
on Are Relgnition fotentiala in
Bitrogen with Grephite Eleotrodes 71
Spark=over Voltages for Cylindrieal

¥leotrodes I X



SUBEARY

This thesls presents the resultes of o study
of the factore influencing the relgnition potential
»f an &lterating cuprent are. 7The dete were obtalned
from vwoltage cseillogrens of srez Delwneen eleegtrodes
of different materials, in sevoral gases &t pressures
from 8 enm. of Bg. to satmospheric, for a gep of 1 ma,
and & seriss of currents.

It was found that &t low pressurer the reignition
potontisls of copper, graphlte and Ca&PLOD WOrO BPIPOX
inately the sane, m&seﬁtially indepondent of current,
propurtional to the pressure and lower than the sparke
ing potentisl. AC mederete and high pressuraes the
reignition potential decresssd with increases in the
current, this «ffent velng pronounced for graphite
and carb n shich acted ecxactly se s metsal under these
conditione for low eurpants. It was found that shen
the current in 8 grephite or carbon sre «as incressed
peayond & certain value the reignition potentiel do-
creased with the incresses in pressure. Thia effect
wae not present in the case of the metala.

Inpapities having & low work functiasn are shosm



to deopesse the relgnition potentisl serkedly.
Conditing fesvoriog & high temperature -f the
electrodes also tend to desregse the pelen’tion
potential. The resuits ares shosn to De esnelstent
gith & thecry of the transition from & glow to an
gre proposed DY Ure c.oe Seokeoen, under ghose
dipection thle resesreh wes done.

A& paper coverding part of the experimentel
resulte hes been socepted for pubdblication in

Flectricel ngineerling.
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IRTRODUCTIVGE™

It hes hesn shosn in recent pépers on the
subject that the meterial of the slectrodes of
#n elterating cursrent ar@ influvences the are
r&igﬁitiwn to & marked degreg. Thus, Todd end
&ruwne11 heve shown thﬁt the potentisl required
to restrike an alternating current arc shen the
curprant reverses is low and of the order of the
urning potential at atsoaspherie pressure, provid-
ing the slectrodes are of carbon or tungsten. How=
ever il the slectrades are of copper, breass, op
other material that caunct exist in the s0lid state
#t very high tesperatures, the potential necessary
o restrlie the are is very high compared to the
baming potential, It i well known that in order
Lo aupply sufficient thernlons to yleld the lapge
current densities found in the reglon of the cathode
sp0t A taspersture excediing JUUCME is necsssapv.
fioth cerbuon and tungsten are zolid at this teaperaw
tare and Lt is extrenciy yrwﬁuhl&éﬁhnt with these

materisis both electrodes f an elternating current

o~

*ee Bidliveraphy £or 8l) references,
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are are 8t & sulficiuntly high teperaturs Lo
furnish sll the electrone necsssery for cardying
the arg curreant by themlonic emission.

#ith electrodes of meterial thet is not molid
at these high temperatures 1t is negcessayry to postu=
laete some other mechanisa »f producing the large
eleotron cuprpent that oxlsts in the reglon of the
cathode spets A& highly sceceptable theory of the
cathode drop in the ecases where the slectrodes
ecannot exist at very high tempariﬁuvaﬁ, ia thet the
electrons &re dresn out from the osathode by the
sction of the extremoly high elaotric [lelds that
exfist there. Thess electriec fields have been showm
by D %uck&mwna and guite recently by wger*& to
be cf the order of 10% wolta pepr cgntineter snd
are dug to the formetion of & poslitive ion sheath
at the cathode. YThis shesth constituiss the cathude
drop end ceours in & region very close to thedesthode,
lees them 3 x 10™7 centimeters from the surface.
“hen the cdrent in an elternating ~urrent are ro-
verses, it is necwssary to produce this very high
slectric fleld et the surfece of the electrode
shich sas formerly the snode. In cpder to du this

it jg sesumed (het 8 #loe dischearse fipst forms with



ite relatively high cethode drop, extending over

& vrelatively large distence., &8 tUw currsnt in
this discherge Indrsasss, the current density
reaghes & 1imit st shich the discherge ohanves o
an abnormel glod snd the magnitude of the gathode
drop Inerveses and a4 the same time the resglon over
gnioh this drop exists depreases; both of these
effects producing sn incresse in the atréugth of
the electric fleld enisting at the gathode. &t aome
eritics] value the larpge cathode drop of the glow
discharge ¢olilapsea into the low cathode drop of
the sre which, howgver, sxtends ovesr & very swmall
region. Trensition from & glow to an ere coours
very rapldly 1f the current 1s high, but §{t sust
oeouy 8t every reversal -f the cuprent, and a
relatively kigh restriking potential is necesseary
if the electirde material is not & s0lid st & very
high tenperature.

Another thenyy f the ocath-de drop is that
sufficient fonizstion takes placse by the spamtaﬁamua
bregudown of neutral atoms to ions and elecirons
because »f high teperature %o walntain the discharge.
This theory i8 eovered in references 18 to 82 in-

cluslive, snd #ill n~Y be conpldered fupther Lecause



1t hes been shown® thet there are several import-
Bt sbjections to 4t that meke the theory unsatis-
factory. me of thess is that 1t sssumes thermal
sguilibriue vetwesn the neutral gez molecules, the
iong, end the electr =iz in the region of the cethode
drop, which 1s not a3t ell justiflied.

- & most Interesting study of elterneting aurrémt
apo aharpﬁperiaticé hes recently been reported by
inmmara‘@ﬁﬁ hes verilfied ﬁ&@ﬁ@?g’aaﬁ mlcxsi@ieatimn
of electrode materials {op the aiternating current
arc int¢ three groups.  eoup I is the carhon groud .
ccnsisting of O, Ce, Hx., and & shich ere entirely
conaistent «ith the thermioniec the ry of the arc.
Spoup 11, the copper group, consists of such metepw
inls as Cu, Hg, &g, end Av.which are inconslistent
sith the themionie theory sud shioch seem to follow
the slectrustatic field emisszion theory previously
atlined. OGroup 1171 1= the iron group of FE, on,
P, M3, Zn, Al, Fe, and €4 which have chereacteristics
different from the other tws., SHommer sleo stuiied
the effeot of pressures up to atscspheric and free
guencies of HG, HGO, 1000, and B8OOO eyeles per
second wpon the current at ahich the discharge

chanped from nue type 10 sanother, He found that



incrsasing the pressure reduced the ourrent at
shich the dischearge chenged from & helf eyele of
pure glow discherge which was repeated continuously
to cne which started out s & glow bt changed
carly in the helf cyole to sn arc, the effect being
different Lo different electrode meteriels studled.
Increasing the freguency reduced the surrent at
whieh the discharge ohanged from & glow plus en

are to an nrw}:né giso had & smell effect in reduo~
ing the current at which 2 pure glow dissghsrge
changed to & glow plue an 8rc.

Hleplan and km&wiga heve shown that for the
mercury arc the trensition, or beackfire ss it s
called in & rectifier, from & plow to an are sceme
to be & random phenomenons Thoos and ﬁ&arq ia their
studies of tha glow discharge found that the trensi-
tion from & glow to an arc depended upon the condie
tions of the electrode surfecs. Several other pepers
along this line, but of les:z importsnce, are listed
in the Bibllography.

@n& research seported in thls thesis --- which,
incidentally, waz started before the most interesting
of the abowe sited papers were published --~ was
undertaken to see 1 the dats oblained at low pressures



for short arcs betwesn vari-us nateriels and in
different geses could throw more light on the

teapsition from & glow discharge to en ape,.

APPRVATUS AxD TYPYEIBVETAL FROCEFDURE

The experimental apperatus shown in Pig. 1
waa‘arrnnged especially for the study o»f slternating
current arcs under gas pressures froa a8 few millime-
ters of meércury to atmospherie. 7The electrode
holders, Pig. 8, were mnunhaé on & heavy plas: plate
end covered vy & bell jar with suitable comnections
to the veacuum pumps end prossure gages by meens of
which the ges pressure was adjusted to the desired
value prlor to strlking the are. All the work was
done with cylindricel electrodes of 6.4 mm, dismeter,
the arce ccguring vetween thelr plane end surfaces,
tnly one gap setting was used which was 1 zme It
would be fnstructlive to ¢arry cut the gsame teats
for several gap settings but at this time it ssemed
advisable to eliminate a5 many variablez ss possible.

e e¢ircuit used ls shown in Flg.S. fly is a
high resistance which, when the cirocuit is cnergized,
#111 prevent sn arce from striking by limitiag the

current to & very small value; at low pressures



this permitted & glow discharge to exist, vut at
pressures above BO om, of Hg no discharge would
take place when this resistance =8e in the circuit.
he relay whish short cirouits Rl is connected to
the clirenlt energizing the cselllogreph shutter
and ¥88 set to operate after the oscilleogreph had
recorded approximately one cycle of the woltage
impreasced soros: the electrodesr. Hhort cireulting
Ry applies almost the full transformer secondary
voltage V4 scroes the gap end cewses an lmmediate
breakdown ianto an arc. Hﬁ uge used to sdjust the
are current, which was mwasured by the smmeter A.
ﬁﬁ determined the amplitude of the swing of the
.8, magnetic cecillogreph slement; this resistence
had & value of spproximetely 30000 ohms for most

of the tests. All these resistances were weter
resistors. The power for the circult weasz obtained
from the reguler 50 cycle mains of the Kellogg
Radlation Labopatory. Two trenslormers wore avail-
sble, one a Wolony eith & reting of Brw, 280/2200
volt and the other s #estinghouse 10 Ew. 82076600
volte Using the ebove wethod of starting the

arc limits the are current to values under 40 anperss

and most of the resesrch wes confined to veluez of



current legs then 15 asperes.

The axe was allowed to burn only long sarugh to
complete the oscillogrsas, and freguent adjustments
were wade of the gap to insure the desired sepsra~
tion of the electrodes, at the same tiwme cleaning
the arcing surfaces. For pressurec above 5 om.
of Zg no incresse in pressure wee cbserved aflter
the are had lasted the averege time of 2 sovonds.

The pesults for metal electrodes, graphite
in air st 8200 wvolte, impurity tests, gnd coppere
garbon testes were ocbtained entirely from ocscilliow
grems, It was found that in the other cases
compareble resuits oconld be obtained by using the
cesillograph as a vibration gealvenometer; the re-
ignition potential ehowling up very well on the
sereen giving & value which waa always within 5%
of that cbtained by aversging the individusl
reignition potentiels from en oscillogrem. Test
vecillograns were taken et frequent intervals te
insure the reliability of the data. ovscillograns
wore taken of 650 different sre eonditions, in
addition o the lerge smount of date taken directly
from the oseillograph scroen,

The sperk discharge curves which are included

10



for reference purposes in most of the figures snd
vhich sye summarised in Flg.d4l «sre obtained by
charging & 1/8 w.fd. condenser in parellel with
the gap by mesns of & Kenetron and & 14000 volt
teansforser, The discharge wvoltege being messured
by & oarefully calibrated electirostatic voltmeter,
The average of five bresidowns being taken ss the
beet value. Variamticns from this aversage were

less thean 2%.

11



FREVRIWFETIAL RESULTS

In this research & study hes been made of
the relgnition of an ere between electrodes of
various materials operating in several gsses, The
effect of current and ges prsssure upon the charssw
teristics of arce between these materisls was dew
termined and the resuits presented in the figures
whieh will shortly be considered in detail,

The study wes conllned entirely to the arg
reignition potential shich was taken to be the
maximum value of voltage sattained prior to the
reignition of the are, At lovw pressures 1t has been
noted that the extinguishing potentisl was approxi-
nately thet of the normal glow voltage which appesred
vefore the are started --- the normel cathode drop.
The effect of pressure and ocurrent upon this part
of the discharge was not determined becsuse of the
inability to obtein this voltage and the relgnition
voltage on the same cacillogrem. Purther work along
thiis line would be valuable,

The electrode materisl asas fmuﬁa’hﬁ have 8
pronounced effeet upnn the reignition potential. Thie

quantity varlied from cycie to oycle depending upon



the elesotrode material, ¥For spectroscople greaphite
the varistion was less than 8:; for projector carbon
i1t wes ws much az 50Y and for metals 1t wes often

as puch as 884, Haperimentsl points indicated on
the gurves &re each the aversge of more than seven
values and in most ceses at least thiprty five values
ware averaged.

Fles. 4 end & are typloal ocacillograms repree
santing the drop in potential scrose an arc between
graphite electrodes in air for eight values of air
aressure, The r.m.s. &re current for each of tuese
cases was kept constant et 1.5 amperes. Flg. 4
showas the voltage drop across the gap se & function
of time for low pressures, It is to be noted that
the woltage rises before the current reverses, to
8 velue which is approximately that of the cathode
drop of the normal glow dischargs in esch case

recorded here. Before R, was shorted, st point &,

1
a glow dischergs was taking place between the
eleotrodes. At 8 presszure of 1 tm. of Hg an are
did not striks esch half eyels, but the wltsge
did drop in some oceses, c.ge halfl cyele number &,
to & valus intermediste bDetween that of the are

and the normel csthode drop, The explanation for



this behavior, which was noted on numercus
necasions &t low pressures, 1s not ncwn. The
graphlite elsctprodes for this resonrd were obtained
from two diflerent scurces which aceounts for

the slight difference between individual charac-
terietice, l.e. when elther was the cathode) thie
¥ill be discuszzed further under impurities, It
ahuuiﬁ be noted thet the relpnition snd extinguishe
ing glow discherge duraticn 12 reduced e the gas
pressure is inersased. By comparing ¥Pigs. 4 snd 5,
it is seen thet the duretion of the preliminary
glow Bt high presszures 18 too short tc be recorded
by 8 megnetic coselllograph; since the eircuis is
al=pst pure presistence, the voltege acroves the gap
rises approximetely a3 & sine wave to the relgnie
tion potentisl. The extingulshing voltage i8 not
vigible becauze of the change in cealibration of
the voltage element necesssary to reccrd the high
relgnition potential. The reignition potentiale
wf Plge. 4 Band & are remarkably uniform due to the
fact that the electrodes were pure., The edectrade
which is cathode when the voltsge is sbove the
gerc line wes & speotroscopic electrode mads Dy
the National Carbon Company

The oscillogram of Fig.d shows the effect of



current upon an sre occuring between opposite eledtrodes
of ea#p&r and carbon for & .ressure of H.1 en. of Hg.
Copper is the sathude when the voltage is above the
gerc line. The roignitian snd extinguishing glow dis~
charges br the copper cathode are sesn to be of shopte
er duration as the current is inc¢resesed, 1.c¢, the arce
starts sooner and persists longer for large currents
thean for small currents. For the ¢sarbon cethode the
reigniting glow is of shorter durstion than when the
eappév is the cathode under the same conditions.
The arc obarecteristic depends to & considerable exe
tent upon the material thet is the cethode. This
difference has been polnted out by ﬁommera; however,
the charscteristics are not the seme as 1f the opposite
electrode was of the same material ss the cathodyg for
the properties of the opposite electrode of en alter-
nating current arc have sn ivportant effect upon either
charecteristic as will be seen later. & record of the
copper~carbon 18 not given for high pressures, Lecause
then the only difference in the characteristics is in
thelr mapnitude.

The varietion with gas prsssure of the reignition
potentiasl of an src betwesn pure graphite electrodes
in air is shown in FPlg. 7. These electrodes wers

specieal spectroescople cerbons of the Hetiopal Carbon

15



Coe which were made of spesielly puririad graphite
having considerebly less than 0,001% ashe According

to the manufacturer, exemination of these cerbons has
shown the presence of silleon, caleium, magnesium,
silver, and copper: but no carbon has shown more than
two or three of these elements snd sometimes only one.
Two were found to exhibit only the linesz of esrbon. |
It will be seen that for currents below 12.8 smperes
the relignltion potentisl inersases with incresses in
the air pressure and thet lower currents have the highe
est reignition potential. The spark curve ia nyaﬁma&h»
ed by the reigmition potentisl as the current sppropche
es gerc. For low currents sad moderately low préssurun
the relgnition potential is directly proportionsl to
the pressure., At 18.8 amperes the relgnition potentiel
is independent of pressure above 10 om. of Lg. end has
a value of 850 voltas., Purther increases in the current
cause & lowering of ths reignition potential which then
decreases with inoreasing pressure. In every csse
there ig & definite relgnition potentisl which is high~
er than the wvolisge reguired to meintein the arc,
values of ths relgnition potentisl for pressures dbelow

10 ems of He. and currents over 8.5 smperes wepre not
considered sufidciently reliable to justify thelr in-

18



clusion in the results, bessuse of the fact that at
these low pressures further incresses in the ere cééa
rent csused the discharge to spresd to the electrode
holders themselves and would therefore distort the
charsoteristic of the pure graphite. it se me he Y,
probable that aurmont’hnn no effect on the rnign&tiqg
‘pateneinl below & em, of Hg. Data from Pig. 7 are B
presented in Pig. 8 so ss ¢o show the effeet of
current on the reignition potential for various pres~
suress In this figore and all thaet follow of the same
variables. the value of voltage #t current merc is
taken ss the spark volﬁtga‘fﬁv that pressure, These
curves show quite clesrly how the spark voltege is
approached as the current is reduced., ihere are three
distinet reglions of behmvior indlcsted by these curves.
The region between 10 and 1% emperes is & transition
reglon, the curves all orossing at 12.8 amperes snd
reversing their order. This region is one in which
the tempsrature of the incoming cethode is changing
Prom playing a %inor to & mejor part. in the relgnitlion
of the arc. OCurves for other pressures sre gconsistent
with the thres prosented and sll curves crossz at the
seme ourrent.

The experiments disoussed above under Figa., 7 and

17



s were repested using & transformer having & higher
ssgondery voltige and the results &re presented in Figs,
1 1@,;andils In this cease 1t wes possible to extend
the pressure range Lo 70 em. of Hg. The curves are
etraight lines almost to the meximunm pressure and are
guite vonsistent, Curves U and ¢ gr Pleg. 9 were
sxtrapolated %o soro pressure to indicste the voltage
at which all ourves intersected, The relation between
the slope of the lines of Plg. 9 sand the are current
iz given in Pig. 10, This curve extended to sero
slops gives 0.9 amperes as the ourrent in this case
8t which the reignition potential iz independent of
pressure. The reignition pot-ntial for this condition
1s given Ly the relstion V-= 87B £ ip where p is the
prossure in cm. of L. and A4 is the slope given by
Piz. 10 for any curreut in fthdt renge. ig. 11 ine
dicstes the same characteristic az Fig. 8. The tren~
sition reglon is seen to begin &% about 4 emperes by
both Plge. 10 and Fig. 11 sinee the curveture revorses
et this point for both relatioms. Pig. 11, indicates
guite clearly thet as the pressure becomes quite low
the current becomes lese and less e feotor in arc
reignition. Fig. 18 is presented for the purpose of
indlcating wore clearly the effeoct of transformer

18



roltage upon the ape relgnition. It is obvious
thet the generse) &ffectof current is the ssme in
the two csses, The aurvan# et whiech the refignitisn
potentiel is independent of pressure is reduged
as the transformer voltage is ralsed: but ite
value ls only slightly lower. The reignition
‘potentiel is decressed throughout by increasing
tﬁa trensformer voltage.

The are reimmition charscteristics for pure
graphite in commercial nitrogen are glven in Plgs.
13 to 16 inclusive. These charseteristics are
exaotly similer in form to those for air., The
small variation of individual points from the best
curve 4is especlally noticable for these materials.
Some of the points of Fig,., 14 showing the depend~
ence «f the slope of the r%ignzﬁimn.ymaentialu
pressure curves upon arc current were obtsined
directly from Fig. 13 snd the others {rom Fig.ld
using the Justified sssumption of 8 linear relés~
tion between reignition potentiel and pressure.
The results are seen to be very consistent. Using
the velue of slops A& from Pig. 14, the reignition

potentisl mey be computed by the relation
V & 860 £ Ap. Figs. 14 sand 15 indicate & transie

19



tion region exsetly &s in the cese of air; this
time 4t starts st sboul 5 smperes, Fig. 16 zhows
that the charscterigtics ars of the smme form for
higher transformer voltagses.

The next gas studled with pure greaphite elecw
trodes was commsrcial oxygen, the relignition
cnaracterdsticz of wvhich are presented in Plg. 17
end i&. The reignition potentisl-presiure relations
ship is linear. 4ll the curves intorsect &t zero
pressure a8t & value of 580 voltes which 18 epproxie
mately dounle thet of alr end nitrogen. The depend-
ence of the relgnition potential upon current is
different from *hat of alir and nitrogen for the
currents lnvestigeted. After 1.5 amperes the relpge
nition potentirl decresses linearily with ineressing
cuppent; there belng no trensition region in the
current range studied.

The reignition characteristics of pure graphite
in commerelel carbon &1&31@& are shosn in Plgs. 19
to 83. Flg. 19 exiibits two important differences
Lrom the uﬁar&atariatiaﬁ of alr, nitrogen end oxygen.
First, the curves do not laterseot if extended to
gero pregsure, but the intersestions are distributed

betwoen 525 end 576 volts. Second, the curves for
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1,8, and 4 soperes are ldentiesl for pert of the ‘
prossure rengeé. Purther, there is more curveture in
these charasteristics than im those of the other
geses, In Fig. 80 it is seen that there iz & trane
sition region between about 4 end 6 asperes; there
iz, however, no ocrossing »f the curves as in
nitvﬁgen and air. The same affects are noted fop
the higher trensformer voltags of Pigs. 21 and B2,
there being no difference In the relignition poten~
tial for eurreats from 1 to 4 snperes, In Fig.R2
the transition reglon 15 between 4 and 8.5 amperea
-w~v g much nore graduel chsnge sith current between
the region of slight tewpereture sffeet and the
oné where & high temperature predominsetssz in effecte
ing relgnition. 7The effect of transf{ ramer wvoltage
wpon the pelgnition potential is indiecsted in
Plge £33 inoressing the spplied voltege reduces the
reignition potentisl &nd leaves the cheracteristic
shape essentimlly the same, |

in order to better exhibit the effect of surprent
on the are relgnition charectoeristice of pure graphe
ite, 2 sot of comparison curves, Pigs. 24 and 88,
were drawn for the four gsses studied, In Fig. 24

the reignition eherscteristics For the gases A5 @
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fonetion of the pressurs are shown for two
surrente., With the exception of nitrogen the
order of ﬁa&ga«a&mg reignition potential for the

i asapere aa&% ig COp,Cg and slr. For the 8 smpere
cmee the order is Cug, Og, ¥pe For alpr and niltro~
gen at 45 em. of Hg, Fig. 86, it ls seen that

the relgnition potential of the aitrogen is hisgher
than that »f alr for currents less than 7 smperes
end less than air for currents greater than this.
At 25 em. ol #Hg this change ococuprs at 2.8 ewperes.
In esach case the preignition potential of oxygen
lies botween the two, Thus the relgnition potene
tisl of air is lower than those of 1ts constituents
in the low current reglon end higher in the high
current rogion. Corbon dloxide i: bighest throughw
out 8t low pressures snd for most of the high
preasure regions.

Shen twe different materials k?@ used as
slectrodes in sn alternating current erc, the reig-
nition poteatliel is different for the two half
oyelew and depends to & large eitent on the meterlael
af the new cathode for & given curreat. The relpgni-
tion charscterdstics of both vopper and carvon in

air when each 18 the cathode in the presences of the
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other are pressmtoed in Flgse. 26 to 30, Conduotor
sopoer was used for this purposes The carbon was
the Wational Cerbon Compeny's projector carbon,
made from very pure lamp bDlasck having 0,083 aah,.
Very small quantities of impuritiesz such as bovon,
iren, alusinum, meagancie, calelium, and magnesium
wsrﬁ_raﬁmrt&d by the manuflssturer as beling present.
This is & relatively impure msterial end the reignie
tion potentiels were guite srratic, the variatins
being as muehk as HOE of the average. The curves

of Flg.26 are for the averege veluea of relignition
putential shen cupper was the cathrde. In Fig.B7
voth aversge and meximum values g&re given, snd it
iz seen thet fopr each the effect »f current is
guite smelil at low prressures, At constant preassure
the aversge eopper relgnition potential la seen %o
be slacst Independent of the current for currents
sbove & smperes, In the case wherse carbon is the
eathode, Figs. 826 and 29, it is seen that & very
low reignition potentlial is resched gt sbout &
gmperes ahich ig slsy a8lpost independent of eurrent.
It will be noted, Fige. 2¢ and 30, that when ecarbon
is the cathode there ls for each current & pressure
&t which the reigniti:n potential 18 & meaximun,

ihen copper i3 the ocath de this effest is not
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observed. In Iig. 30 a8 gurve for mire graphite
in 8ir is included for coupsrison. The fect that
this curve i2 above the corresponding one for
copper indlcates that the opposite, somewhat impure
carbon, has iafluenced the copper characteristie
to 8 considerable extent even at this los current.
the influence of current on the reignition
potentiaig of metals In air at atmospheric pPressure
was determined for copper, aluminus, cmdmium, eine,
and carbon steel; the characteristics of which,
except for zine, are presented in Flgs. 31 to 356,
A1l values for these materials were obtsined from
ngeillograme end the aversge values of 40 to 50
indlvidusl relgnition potentials &re indicated Dy
the points. The slectrodes wers clegned of oxide
and plts and the gap readjusted between esech record.
The maximum end minimum velues found om the oscillo~
gram of each current ars given to show the greatest
veriation from the eversge. It is interesting to
note that the ourves of maxismum, sverage, and
minimus reipgnition potentiels are 8ll of the same
form, and that the pointe are gulte consiestent. The
values of preignition potentisls cbigined from cscillo~

grams wnen zinc was used were s erratic that 1t
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wasg imposzaible to detersine & surve showing the
effect of current. This varistion way be due to
impurities in the ginc or to the effeet of zinec
oxide. Current is moat effective in reducing the
reignition potentiel when it {8 less than & smperes.
Thet the opposite ecarbon of the copper-tcarbon are
has & considersble effect in losering the copper
reignitiocn potential is evident upon comparing thp
values of Fig.31 with those of Pig. 87 at 70 ¢m.

of Hg for corresponding currents. The various
me&él cheracteriatios are compeared with that of
grephite In Plg. 38. It is evident from these
curves that the effect of current on grephlite i
exactly like that of 8 metal until & current of 4
aaperes is resched when the tempersture of the
cathode for graphlte can emmtinue to inerescse while
the temperature of the metal is limited by ite
beiling point, reached at about the same current.
It shouwid ve poted that the relsnition potential of
copper does not sapproach B constant velue within
the current range studled as was the csse wiih the
other metals. This mey be due to the low work
funetion ©f Cul which is inevitebly prezent when

the sre 1s in the air.
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ceeillograms wore tsken to deternine the
effect of impurities upon the reignition potentials
and sre summerized in Flg. 38. The results of using
8 carbon which weas impregneted with e felir guantity
of scdium hydroxide as cne electrode and an untreated
carbon of the seme stock are indicated by curves F,
G, #, end I. 7he reignition potentiels of both the
treated and untreated clectrodes were very merkedly
reduced from the corresponding valuses when the une
treatsd electrode was run agsliast copper. Curves D
and ¥ are for pare graphite &8s one electrode and
the cther e carbon wsde by the Hational Carbon G§m~
pany for use in [leming are lemps. The latter
carb:n contalned about 364 ssh, consisting of 158%
of the rere sarths, cerlum, nesdymium, snd lanthan-
lum, and 20% celcium {luride. It is important to
note that not only is the reigunition potentiel of
the impure electrode lowered from its pure charsce
teristic but that alsc the opposite pure sliectrode
heg its reignitiom potentisl lowered elmost ss much
as the impurs one.

In crder to indlicate the effect of another
physicel property of slectrode msterials upon are

reignition the curves of Fig. 37 were plotted



shosing the influencs of the coefficient of haat
conuetivity of the ﬁlﬁﬁﬁﬁmé@ upon the pelgnition
potentisl. As the current i incrsased the low
coefficlients of carbon and grephlite have a pro=
nrunced effest upon the relgnition potentisl. %he
wvalues for copper were taken from the meximunm
curves of the copper-garbon are.

'Sﬂﬁh pressure and current may be seen to
have an éffact o the r&igniti@afygtamtial through
thelr aeffect on the cathodes tempersture by considepe
fng the photogrsphs of the sre, Pig. 38, for two
currents and three pressures. For low pressures
the apparent cathode gres is poorly deflned and
extends over 8 very lapge ares which is incressed
as in {(b) and (cl. 48 the pressure iz increased
this sprarent cathode ares decreases and at high
pressures 1t is conlined teo the plane end surisces
of the elestrodes., It is evident that for & given
surrent, more energy lz belng put into unit cethode
aerce st high pressures than at low pressures snd
consqquently & high cathode tempersturs is produced.

Ancther fact r influencing arc relgnition is
the rete of rise of the impressed wvoltage at current

Zaro. In 8 reslstence cireult as was used in this
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#ork the rate of rise of impressed voltage may
be varied by chenging the transformer voltege op
by chenging the freguency. The first method e¢as
mogt successiul in this caze snd the results for
& graphlite are in nitrogen ere presented in Flgs.
39 and 40. The spark voltsge is indicsted as the
point at gero dV/dﬁ, thiz 1s not ztpletly correct,
of courss, but it le zetiszfactopy for the purpose
of plotting since the rete of rise of the D.C.
voltege nsed in obtaining the szpark charascteristic
wae very small compared to that of the reignition
»f the arc. Increasing the reguency esas Blso
found to decreaze the reignition voitage. Increas-
ing the rete of risze of spplied voltage is seen to
be less effective in lowering the reignltion
potentisl st low pressures than it is at the hizher
Pressures.

& summary of the materials studied for air st
70 cm. of Hg and currents greater than 4 saperes
ls given in Table I with certain of their physicsal
constants which may affect arc reignition. It is
seen thet except for steel, decressing coefficient
of hest ¢ nductivity 13 accompanied by a decrease

in the reignition potential. The seme is true for



the specific hent except Tor graphite, Both
fectors tend %o make 8 plven current more effecw
tive in raising the tempereature of the sctive
portion of the wleetrode. The thermionic cone
stants indiceate ceuse for veristion in the reige
nition potentisles of metals B does glso the sork
funetion. In some ceses the work function of the
maetal iz grester and Iin cthers it 48 less them
)that of the oxide which is constantly Leing formed.
Zince the temperature of cadmivem is limited to

g2 vealue where the offesct of bLempersture on field
current: is ssell, it is probable that its oxide
iz very sctive, because of its low work function,
in lowerding the reignition potentiasl.

In Yable II & sumnery is made of the eif'fect
of the four gesee on the reignition potentiel of
grephite, together with some of their physical
constants. There iz 8 positive correlation bee-
tween relignition potentisl and the coefflicient of
recombination and the mobllity of the gas ions,
Thevsyeexfic heat relation iz such &s to gaise the
reignition potential instead f lower 1t; but it
is probable that ;hia fector plays & very small

part, 7The relation between the relgnition potenw
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tisl snd the number of ion pairs produced by &
negative ion in -ne cemtimeter of drift is the
apposite of that which would be expected. The
reigniticn potential and the cathode drop are
similerly affected DY the gases, indiceting
releted phenomens. The loniging potentisls do
nct indleste an explsnstion of the variasion of
the reignition potential. .

Since the arc is & very complex phenomenocn,
the properties listed in Tebles 1 and II sre those
which could have some effect upon the are relgnie-
tion. The sctual value of the reignition potential
iz guite preobably due to gll these factors gscting
at the ssme time, Under certain conditicns of
prassure and current some factors will predominate
and under different conditiona other factors will

be controlliing.
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BISCUSSTICE oF RESULTS

4t the wvalues of pressure, current and
frequency st which this work was done the reige
nition potential would be approzimstely the seme
sz the sperking potentisl of the gas used if the
charecteristics of the electrodes did not chenge
during the Jdischarge. This 1s true becsuse the
time required for a&ll the ione and electrons of
a short are to reccombine is extremely ehmrtla
and since the cireult being used was alzost puare
resistence, the voltage scross the gap incressed
88 & sine weve at & relatively slow rete, sllowing
8 large dionization of the gap to take place. There
way be some 8light effect due to an Incresss in
the average temperature of the ges; but large devia-
tions of the reignition potentisl Ffrom the sparking
potentiel such s have been shown to cceur by the
experimental results must be explained by changes
in the properties of the slectrodes, and particu-
larly in that electrode %hich is to become the
cethode. only those changes need be considered
which would effect the number of electrons emitted

by the cathode or the ease with which they might
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08 enitted by the high iaﬁgnsitg electric fileld

produced by the positive icn sheath constituting
the cathode drop region. The only factors would
zseem to be the ﬁamperature of thet portion of the

glectrode which emits electrons and the presence

of electropositive meterials which have low work
functions. |

At high elsctrode temperatures the elsotric
field necessary to produse sufficient electrons to
maintain the srec is reduced. If the tesperature
of the electrode is high enough a sufficient
number of electrons may be emitted by thermionic
sction to relgaite the are with & voltege no higher
thas that reguired to maintain it. This latter
condition did not obtein in any of the cases pre-
sented in this paper since in 8ll cases & relpni-
tion potential wes necessapry. At the hirsher
pressures and st the higher currents with carbon
and graphite slectrodes this potentisl wss not high.
it ir belleved that in these cases the slectrodes
were hot enough to emit & considerable thermionie
current from the active spot; though not sulficlent
electrons in number for the large current denslity

¥nown to exist at the cathods spot, namely & density



»f the order of & thousend anperes per sguere
centineter. ¥hen the relpnition potential is
relatively low, &8 In the trensition region whers

it is decreasing repldly sith ineressed current,
sufficient electrons to meintain the are are
mrobably produced by & combinetion of bigh tem»
poreture and high electric field., It is interes~
ﬁ&ng'@a note that at the low veluez of ecurrent,

f.e. lss: than 4 anperea, and slse for low pregsures,
the relgnition potentiels for cerbon and grephite
are of the seme order of msgnitude as those of

the =otals and further that the effect of Iincrsas~
ing the ecurrent in this reglon, il.e. the shepe of
the relgnition potentisl-current curves, is the
sane for all materiels studied. Here the tempera~
ture of the active spot is too low to pley any
essentinl part, end the restriking «f the ere is
largely due to the eleetric field of high intensity
that exists there. It is importsnt &o note that the
&r¢ ocurrent hes & very definite, though relatively
snell, offect upon the relgnition potentials of
metals; this effest doss not continue for lerge
surrents because the eleotrode tam&uratura iz limited

in this cese by the boiling point of the metal =ew
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8 limit «hich 18 not placed upen carbon and
graphite.

It 48 well knowsn that fleld currents due to
high lntensity elestric fislde are indoependent of
the temperature of the electrodes uatil their

‘tenperature exceeds sbout 1000°K°

« Consegqueantly
it is only &t temperatures higher than this that
any Mkmﬁ difference between the reignition potenw
tiel and the sperking potential would be expected,
If the temperature iz lower then this any difference
betweenn the sparking potentiel and the relgnition
potential might be due to & grester nuadber of ions
and electrons remsining in the space between the
electrodes, beceuse of & previous arc current, when
the are is restmek. the faot that the reignition
potentisl dres not de¢rease with an inoresse of the
everage temperature of the elecirode, f.e. it is
not noticeably lower after ten hali cyecles than
sfter the first half cycle, is in scecord with the
independence of the ield ourrent and tempsrature,
providing the temperature is low,

on the other hend anything that elther increaszes
the tempersturs of the cathode spot or anything that
decreases the cooling while that electrode g ancde
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and during the pericd of gero current, is found to
decrease the reignition potentisl. Thus both an
inerease in currsnt and an increase in pressure
cause & greater difference betwsen the peignition
potentisl and the asparking potential beceuse doth
inorease the temperature of the csthods spot.
Incresging the pressure increascs the tsmperature
of tha cathode spot Leocause the sise of the eathade
spot decreases sz the pressure increeases snd conse«
quently the current density to the cathode spot 1is
incresaed, Increasing the initial rete of rise of
voltege across the gep snd inersasing the frequency
of the spplied voltege have been found to decresse
the reignition potentisl becsuse both allow less
time for the eathode spot to cool end also less time
iz available for deionipation of the gap. In the
sane way i1t iz found thet & higher coefficient of
heat conductivity and & higher specifie hest of the
electrode is, in general, eccompsnied by & higher
reigniticn potentisl;: the former causing greater
conling snd the latter reguiring more energy input
for & glven temperaiureé. It iz belleved that the
reason the peignition poteatlials are in the opder
given in Yable I snd Fig, 37 is due to 8 consldere

able sxtent to the fact that the slectrode specifiec
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heats and coefficlents of heat conductivity are
in the same opder; with two excsptlons, wheres other
fectors are cbviously more importsnt than these.
Yaterials which heve & low work funetion will
enit elestrons much more readily than those with &
bigh work funetion, conseguently if there is& in the
electrode an impurlty such a5 one of the alkslil
carths, which have 8 much lower valus of work
funetion than the electrode materiel itself, one
would expect that the relgniticn potential would be
wueh lower than in the case of & pure electrode.
The exporimental results show that this is true,
The results salsoe show that the emount of sush lmpurity
need be very small to affect the reignition grestly,
gince if & pure meteriel is used ss one electrode
its reignition potentisl is decreased nesrly as
much as that of the electrode having the impurity
in it and haps the cppoeite polarity. Sinee material
is belng contimiously veporized from the surfece of
buth electrodes, there cen be no acoumulation of
impurities on the pure elsctrode. A trace of ime
purity such as the alkell metels in & relatively
pure electrode can account for the random vardations

of the reignition potential. %he relgnition potentisl
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wpnld be low i & trace of alkall metsl happened
to be on the surface of the electrode becoming
the cathode. The difference in work funetion of
metals and thelr ozides would produce veriatisns
in the reignition potential in addition to the ever
present Impurities; svhen these meterials are used
in air.

The effect of gazes upon the reignition of
an are is very complex. Sous of the properties of
geses which comld influence peignition have been
listed in Table Ii. The effect of chemlcal pro~-
cesses cecuring in the are reglon 1s not known;
but gulite probably enters to & considersble extent,
Twe well Rnown effects of gmses on thermionie

ﬁmiaaiwnﬁ

are, irst, the fomation of an adsorded
monomoelecular or monatomic film on the suriace;
segond, positive lons are firmed which sputter
atoms off the emltiing surface and may affect
exission considerably. In genersl an edsorbed ges
laser decresses electron emiscion; but in the case
of cerbon end oxygen the effect Is the opposite.

In conjunetion with other properties, the ionigetion
potential of the gez end the groperties of its ions
will affect the relgnition potentiel juast s they

»7



affect either the mmmwmm of the gap or the
favmation of £ positive fon sheath of the cathode
Arop.

411 the experimental fsote are in sccoprd with
the following theory of the transition {rom the glow
discharge to an sre which hae been proposed by
Die 8.8, Heckeosn'. @hen the current reverses &
glow discharge g first formed with the relatively
hizgh eathode drops 4&s the current density et the
esthode inepesses in the region »f the abnorwal cathode
drop, the megnitude of the cathode drop inereeses
snd aleo this cathode drop seours in & region shich
is eloser to the eathode. Both of these effeocts
gsuse an inorsase In the intensity of the electric
field existing in the cathode drop and conaeguently
inorense the enérpgy that the positive ions heve when
they bhit the eathode, 48 the energy of the positive
{ons Ineresses they produce & larger pumbsr of elec~
trons from the eathode by borbardment. If now some
impurity is assumed on the surface of the cethode
oF 86 irregularity that produces 8 hBigh intensity
loesl electriec fleld, then that porti-n of the
cathode willl produce & larger number of elgotirons

then eny cther papt ¢f the cathode., The electrons



freed from the cathode will produce lonizastion
ahich will be more Intense near the sotive aspot on
the gsthode sarfsce. Due W the high mobility of
the electrons compared to the pesitive ione the
foruer 111 disperss into the body of the gas leave
ing behind the positively charged gae ions. This
#11l farther inereese the field nesr the sctive
aurrémﬁ of the eathode with 8 corresponding increase
in the number of electrons esitted from thar spot.
this procesr is curulative and proceeds repidly
until the slectric fisld existing at this sctive
epot 18 high enuapgh to pull lsrge nusbers of elec-
trons from the cathode surface. Yhen this cccurs
gn are exists with its cheracteristic "holt spot®
with a very high current density and with a low
cathode drop. & high tespsrature &t the cethode
#1ll decresse the magnitude of the elsotrie field

necessgry to produce these slectrons.
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COBCLUSIONS

l. The peignition sotentials of all meterials
studied ere affected the same by currents from O

to 4 emperes, For hizher currents the difference
petween the reignition potentisls of cerbdon and
gr&phita, and those of the metals 1s very great.

2. At low pressures 8 relgnition petential that

iz high compared to the are voltapge is necesssry to
establish the arc even when the electrodes are carbon.
2e £1)1 factors tending to conl the electrodes
increase the relgnition potential.

4., The preignition potentisl is a function of the
eondition of the surface of the electrodes snd may

be decressed mariedly by minute tracez of impurities
of low woprk function materisls sueh es the glikell
matals,

5. The expsrimental results are consistent with the
theory that the transition {rom avglow dlacharge to
an arc is dug to the esteblisiment of 2 high positive
space charge at bhe surface of the cathode producing
an electric fleld of high intensity awhieh draws ocut

large numbers of electrons from the cathode surface.
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Fig. 5
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RESFARCE SUGGEETICRE

Dburing the course of this research it has
begome appsarent that certaln questions regarding
the fectors affecting arc reignition and related
phenomena should be ansyered if a more thoprough
knowiedge of the are wag to be reeched, However,
these gquestions involved rescarch projects beyond
the soope of the pregent investigation and are
tuerefoprs prasenteod nere as suggestions fo» further
research in this fisld,

{a) 7The extension of the present invsstigation to
pressures above stmoepheric would prave interesting
ard valuable, and might uncover valuadle properties
of certaein materials which would ve usgeful in
awitehing.

{t) The work ccvered in the yresent resesrch wes
8ll for a circult of very small reactance, 7he
effect of i@wgr power factors on the reignition and
extinguishing potentisle at verious pressurees end
currents should be determined since most practical
are elrcuits are not of 100¥ power factor.

{(¢) 1t is suggested that a study be made of &
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considereble number of metale; determining the
effect of impurities »f sny kind that might be
vresant and alsc the effect ol geaesa,

(d) It w#6uld pa interssting and instmictive to
determine the eritical dV/dt for arc extinction

in an induetive ¢ircult by the methnd used by

Hr., Tesy Browne, dr. in his siudies of mros in
turbulent gasse, for various gases at low presaures
and also the effect »f current upoen this factor.
(e} 8y mesns of & full weve pectifier of thyratrons
it sould be possible Lo dstermmine thw effect of
having eash elestrode always of the seame polarity,
instead of alternating &8 in the present work. Also
by properly oiasing the grids & stvedy could be

mdde of the effect »f various durationa of zero
current upon the are characteristics,

() "he effect of {reguency and initial av/dt'upun
the reignition and extingulshing potentials should
ba determined for & gréater range than was possible
at this time, |

{(g) “he influence of the wvarious lactors gtudied
in this pa@er upon the extingulshing potential
should be determined.

The aupve sugpestions could be carried out
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with the present experimental set-up with a

minimum of changes snd gadditions,

76





